Epigenetic silencing of transposable elements (TEs) is regulated by cytosine methylation (mC), which is established by RNA-directed DNA methylation (RdDM) and occurs in three sequence contexts in plants (mCG, mCHG and mCHH, where H is A, C or T) 5 .
MIR845 haplotype is conserved in many Arabidopsis accessions such as Kro-0, Bay-0 and Tsu-0, and we found that the levels of miR845b are depleted in these ecotypes (Fig. 1f) . To address the potential effect of miR845 on TE silencing, we compared Col-0 and Ler-0 pollen transcriptomes and found that TE transcripts are overall more abundant in Ler-0 pollen ( Supplementary Fig. 3a) , including miR845 targets such as ATGP2 and ATCOPIA36 that have escaped silencing in this ecotype ( Supplementary Fig. 3c ). Further, miR845-targeted TEs such as ATGP2 and ATCOPIA41 accumulate easiRNA in Col-0 pollen, while other TE families such as ATCOPIA63 are expressed and produce easiRNA specifically in Ler-0 ( Supplementary Fig.   3b ).
easiRNAs have been associated with RdDM activity 15, 21 , and in pollen, these pathways are activated in the vegetative cell nucleus (VN) but not in sperm cells (SC) 8 , where 21 and 22-nt easiRNAs accumulate 9 . Therefore we performed bisulfite sequencing of FACS-sorted Col-0
and Ler-0 pollen nuclei, and found that levels of mCHH in the Ler-0 VN were substantially lower than in Col-0 VN (Fig. 2a) , resembling seed methylomes in this respect 22 . This difference is particularly striking in pericentromeric heterochromatin, where the chromomethylases CMT2
and CMT3 maintain mCHH and mCHG, respectively (Fig. 2a) . In contrast, the levels of mCHH in Col-0 and Ler-0 SC nuclei were found to be identical and very low ( Fig. 2a ) 8, 10, 23 . In the VN,
we found approximately 6000 differentially methylated regions (DMRs) for mCHH between Col-0 and Ler, which overlapped primarily with TEs (including predicted miR845 targets) (Fig. 2b and Supplementary Table 2 ). The majority of DMRs were hypermethylated in Col-0 VN (Fig. 2b ), but not in the VN methylomes of the RdDM mutant nrpd1a (largest subunit of RNA Polymerase IV) or cmt2, indicating the that loss of mCHH in Ler-0 VN occurs at particular loci targeted by CMT2 and Pol IV-dependent siRNAs ( Fig. 2c-e) . Taken together, these observations suggest that natural variation in miR845 and easiRNA biogenesis is associated with deregulation of TE silencing in pollen, which might have contributed to epigenetic variation in Arabidopsis populations 24 .
In Arabidopsis, most 20 to 22-nt miRNAs are processed by DICER-LIKE1 (DCL1) and loaded into ARGONAUTE1 (AGO1) in order to mediate post-transcriptional gene silencing (PTGS). We therefore crossed the GFP sensor with the null dcl1-5 mutant allele and the strong hypomorphic ago1-9 allele, and observed that GFP expression was restored in mutant pollen grains isolated from heterozygous plants, thus confirming that miR845 function in pollen requires the canonical miRNA pathway ( Fig. 3a and Supplementary Fig. 1c ). In somatic tissues, miRNA-directed biogenesis of secondary siRNAs from target transcripts requires either a "double hit" with two 21-nt miRNAs or a single hit with a 22-nt miRNA. Cleaved transcripts are converted into double stranded RNA (dsRNA) by the RNA-dependent RNA polymerase RDR6, and processed into 21-and 22-nt siRNAs by DCL4 and DCL2, respectively 25 . We used the miR845b-GFP sensor in dcl1-5/+ and dcl1/+,dcl2/dcl4 mutant backgrounds and purified wild-type, dcl1, dcl2/4 and dcl1/2/4 pollen by fluorescence-activated cell sorting (FACS) ( Supplementary Fig. 1d ). Small RNA sequencing of sorted pollen confirmed that most miRNAs were depleted in segregating dcl1 mutant pollen, including miR845a and miR845b (Fig. 3c,d and Supplementary Fig. 1e ), as well as abundant secondary siRNAs derived from the GFP transcript that were present in wild-type pollen but not in dcl1, dcl24 and dcl124 (Fig. 3b ).
However, loss of easiRNAs was observed only in dcl2/4 pollen, but not in dcl1 mutants (Fig.   3c ), including 21/22-nt small RNAs produced from 5' LTRs upstream of the PBS (miR845b target site) ( Supplementary Fig. 4a ). In somatic tissues, small RNAs matching to these LTRs are 24-nt in length and produced by Pol IV, RDR2, and DCL3 25 , raising the possibility that 21/22-nt easiRNA in pollen are dependent on Pol IV. Indeed, small RNA from nrpd1a mutant pollen lost siRNAs for the majority of TEs in all size classes ( Supplementary Fig. 4b ),
indicating that easiRNA biogenesis in pollen at miR845 targets depends on Pol IV, DCL2 and DCL4. Similar pathways have been described under certain types of genotoxic stress, and may be relevant here 26, 27 .
As these Pol IV-easiRNAs (21/22-nt) are not significantly depleted in dcl1 pollen (Fig.   3c ) where both miR845a and miR845b are down-regulated ( Supplementary Fig. 1e ), we hypothesized that miR845 contributes to Pol IV-easiRNA biogenesis either during meiosis or early at the onset of gametogenesis. In order to test this possibility, we cloned the Col-MIR845b locus and transformed Ler-0 wild-type plants. Strikingly, we observed strong and specific upregulation of 21-and 22-nt TE-derived siRNAs, resembling wild-type Col-0 pollen (Fig. 3e) .
Interestingly, restored easiRNA biogenesis in Ler:MIR845b pollen did not result in significant changes in CHH methylation ( Supplementary Fig. 5b ), supporting the idea that easiRNAs in pollen do not modulate RdDM activity in the VN, because they are actively transported to the sperm cells 9, 14 .
Parental small RNA differences can build strong barriers to hybridization 2 , and we have previously speculated that they might play a role in interspecific and interploid hybridization barriers in flowering plants 3 . Spontaneous chromosome doubling (polyploidization) is common in plants and is a major pathway towards reproductive isolation and speciation 4, 28 . This is because hybrid seeds collapse as a result of unbalanced expression of imprinted genes in the endosperm, a phenomenon known as the "triploid block". The "endosperm balance number" hypothesis further postulates the existence of specific loci responsible for seed collapse in different strains 4 . The triploid block can be conveniently demonstrated in Arabidopsis using the omission of second division (osd1) mutant that forms unreduced diploid male and female gametes that are self-fertile 29, 30 . Diploid osd1 pollen crossed to wild-type seed parents leads to the production of triploid seeds with tetraploid endosperm, that abort at high frequency depending on the genetic background 29, 30 . In order to test whether miR845b-directed easiRNA biogenesis is involved in the triploid block response, we used a line carrying a T-DNA insertion at the MIR845b locus (mir845b-1) in Col-0 in which miR845b was down-regulated by roughly one half (Fig. 4a) , and 21/22-nt easiRNAs were much lower than 24-nt siRNA (Fig. 4b) , resembling dcl2/4 mutants and wild type Ler-0 in this respect. Thus miR845b-directed easiRNA biogenesis is dose-sensitive, which is consistent with a role in endosperm balance.
We next generated double mutants between mir845b-1 and osd1-1 in Col-0 to test whether loss of easiRNA in pollen has an effect on the triploid block. Pollinations of wild-type Col-0 seed parents with osd1-1 homozygous pollen gives rise to approximately 5% of viable seeds, while pollinations with osd1-1/mir845b-1 pollen had significantly increased seed viability at 35% (Fig. 4c) 
Methods

Plant material and growth conditions
Plants were grown under long day conditions at 22 °C. Seeds were always surface sterilized with sodium hypochlorite, sowed on Murashige and Skoog (MS) medium and stratified for 3 days at 4ºC. Seedlings were transplanted to soil two weeks after germination and grown under long day conditions at 22 °C. We used the following Arabidopsis mutants: dcl1-5 (CS16069), ago1-9 40 (originally in Ler, but introgressed in Col-0 for 6 generations of backcrossing), mir845b-1 (SAIL_172_A08), osd1-2 (GT21481), nrpd1a-3 (Salk_128428) and osd1-3 (Koncz collection) 29 . The mir845b-1 tetraploid plant was obtained by colchicine treatment as previously described 41 . Additionally to Col-0 and Ler-0, we used the following ecotypes: Tsu-
Transgene cloning
The UBQ10 promoter and miR845b target site promoter were cloned into a GFP reporter vector Fig. 1d ).
RNA purification, qPCR analysis and sequencing
Pollen total RNA was extracted using Trizol LS reagent (Life Technologies) by vortexing with glass beads for 5 minutes, and concentrated with Direct-zol columns (Zymo Research).
miRNA-qPCR was performed using the Quantimir kit (System Biosciences) following manufacturer instructions. Libraries for RNA sequencing from Col-0 and Ler-0 pollen were prepared using rRNA-depleted total RNA samples and the ScriptSeq-v2 RNA-Seq Library Prep kit (Epicenter/Illumina), following manufacturer instructions. cDNA libraries were sequenced on a HiSeq2500 instrument. FastQ files were processed and mapped to TAIR10 genome using Libraries were prepared using the TruSeq Small RNA Sample Preparation Kit (Illumina)
following manufacturer instructions, barcoded and sequenced in Illumina HiSeq 2500, NextSeq500 or MiSeq platforms depending on sample pooling strategies and desired sequencing depth. After de-multiplexing, 36-nt reads were pre-processed by trimming the 3' adapter and filtering collapsed reads according to length and quality. Filtered reads were mapped to the Arabidopsis TAIR10 genome annotation (or GFP transgene) with bowtie reporting all multi-mappers. Only perfect match reads were used for down-stream analysis, and reads mapped to multiple genomic locations where normalized by dividing non-redundant read counts by the number of genomic hits, and subsequently calculating the number of reads per million of filtered (18-30nt) and perfectly mapped reads. Additional downstream analyses were performed using R scripts. A summary of all small RNA sequencing data generated in this study is presented in Supplementary 
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